With ever-increasing usage of biomass to curb environmental pollution, it is imperative to develop new insights into coal combustion processes, for efficient and optimal usage. Many process models have been developed for combustion process, including fixed and fluidized bed combustion for different types of coal; however, they are designed for specific process and lack generality. More recently, Aspen Plus has introduced new tools, and particularly featured a built-in unit operation model, to design fluidized bed processes. Herein, we comprehensively apply the novel tool to analyze the low grade coal combustion with varying process conditions such as: temperatures, fuel/air ratio, pressure, and other. The model developed in Aspen Plus was validated with our experimental data performed in a pilot-scale fluidized bed combustor. The fuel type of combustion used in the experiments is Ekibastuz coal (a type of low-grade Kazakhstan coal). The data from experiments were used to fine-tune the Aspen Plus model. Eventually, results indicate accuracy of the model in predicting the gas compositions and the reactor hydrodynamics. Furthermore, sensitivity analyses were performed in order to analyze the effect of temperature and feed flow rate on the combustion efficiency and flue-gas compositions. Taken together, the model developed can be ubiquitously used for process design of fluidized bed reactor co-combustion of coal and biomass.
Introduction
In recent decades, energy consumption has become one of the most prevalent debates. Burning of fossil fuels as coal, crude oil and gas still remains the major source of energy. Coal combustion provides 25% of global primary energy needs and generates more than 40% of total world electricity [1] . However, the multiplicity of regulations, that are adding frequently, to decrease SO , NO and particulate matter emissions, make coal combustion market cautious. Combustion of coal can be performed using different industrial boilers, cyclone burners or furnace systems, selecting relatively large particles or pulverized coal. Circulating Fluidized Bed (CFB) reactors has become an attractive alternative option due to its acceptance of wide variability of the solid fuel, higher efficiency, and lower emissions in comparison to other reactors [2] . CFBs are widely used in different industrial applications as gasification or combustion of various feedstocks as coal and biomass [3] . More recently several process simulation models have been developed to study fluid dynamics in CFBs [4] . Nayak and Mewada have developed a gasification model using the RYIELD, RGIBBS, and RSTOIC reactor models in Aspen Plus in order to imitate the circulated fluidization process [5] . The authors have analyzed the flue gas composition and its dependence on the oxygen concentrations and shown that the simulation can mimic the experimental results. Dong et al., on the other hand, simulated 300 MW CFB reactor for coal combustion in a similar manner; however, using a multistream heat exchangers instead of RSTOIC module [2] . In designing the process simulations, literature generally considers the following assumptions: a) steady state isothermal process; b) coal instantaneously decomposes into H , N , O , H O, S, C, and Ash; c) Char consists of carbon and ash only. Several process models and fortran codes, some based on Aspen Plus, exists in the literature to study CFB combustion and gasification processes. However, most of then are designed for specific conditions such as operating parameters, or specific governing equation. In the current work, a sequential modeling of the combustion phenomenon was developed using the Aspen Plus software. The newly introduced fluidized bed reactor, FLUIDBED, unit in Aspen Plus software was used in the current model. To the best of our knowledge, this is the first application of employing FLUIDBED for the combustion process. The simulation is developed to produce results comparable to those data produced from the experimental rig, as we discuss below. Furthermore, this process simulation has been created in a distinctive way such that it is able to flexibly handle various feedstocks, unlike the previously existing models. 
Methodology
The experimental pilot scale CFB rig, used for the experiments was located in the Nazarbayev University, Nur-Sultan, Kazakhstan. Fig. 1 demonstrates the process block flow diagram of the particular CFB. Air supplied from a compressor was used as the fluidization gas. Total air flow rate was branched into primary, secondary, and pneumatic fuel transport flows. The inert material used in the reactor was a silica sand with average particle size of 0.2 mm. Low grade coal used in this study was obtained from a coal mine called Ekibastuz, which is the largest coal mines in Kazakhstan. This coal has a high ash content around 40%. The ultimate and proximate analyses of the coal are shown in Table 1 . Ekibastuz coal has relatively high volatility ~22% and low content of moisture and sulfur. In this work, Aspen Plus V9, particularly the novel fluidized bed model, was used in order to develop the model that can mimic the combustion of the following coal in the CFB reactor and predict the flue gas composition considering main carbon oxidation reactions and conversion of sulfur and nitrogen components to the SO2, N2O and NO2, respectively. Coal processing application property method was used in Aspen with conventional, nonconventional, and mixed stream types and Redlich
Figure 2
Flowsheet of CFB process simulation in Aspen Plus -Kwong -Soave equation of state with Boston -Mathias modifications. Appropriate enthalpy and density for coal and ash were selected as options code for HCOALGEN and DCOALIGHT models, respectively. APV90 ASPEN-BM and APV90 EOS-LIT databanks for binary interaction parameters were used in particular model (refer to Aspen Plus tutorials/User Guides). A stream of wet coal was defined with a nonconventional sub-stream of solid. Particle size distribution (PSD) was included in the nonconventional (NC) sub-stream making it a NCPSD class of solids. GGS type distribution function was selected with 8 mm minimum diameter and 0.35 dispersion parameter. Combustion process is divided into three phenomenal stages, namely drying, pyrolysis, and oxidation. Drying was simulated with a RSTOIC unit operation. This RSTOIC is meant to be a conversion type of reactor separating moisture from coal.
Coal →0.0555084H2O
After drying, an RYIELD module was utilized to decompose the dried coal into its constituents, including gaseous products such as H2, H2O, N2, S, and O2, and solid products such as ash and char (carbon). Maximum number of iterations in all the unit operations was selected to be 100 with 0.001 error tolerance. Following this, the nonconventional component ASH was obtained, which was considered to be inert throughout the cycle. Solid carbon was then introduced to the main FLUIDBED unit as the solid phase, while other components were introduced in the gas phase with additional air to perform fluidization in the mentioned reactor from the bottom. FLUIDBED unit has been recently introduced by AspenTech in Aspen Plus process simulator, which is the core module within the Aspen One software package. The reaction convergence is performed using the Newton solver with an external Jacobian update method and a Dogleg stabilization strategy. After the FLUIDBED reactor, the simulated cyclone used a Modified Leith-Licht calculation method with Swift-GP type parameters.
Results and discussion
As mentioned above, our primary aim was to create a process simulation employing the newly introduced FLUIDBED module of the Aspen Plus. Based on the parameters noted above, the results of the process simulations were consistent with those obtained through the experiments. Specifically, the concentration of carbon dioxide was obtained to be ~15% (mole %) of total flue gas, whereas in the experiments we had 12-15%. The oxidation reactions used show excellent performance at 900 o C temperature. Moreover, a comparison has been presented in table 4, which shows that composition of flue gas obtained from the simulations is in line with the experimental results. An important difference between experimental and simulation results were observed in water concentration, which probably is due to a) the initial composition of the air used in simulations, which currently does not account for air's humidity and b) the oxidation of hydrogen to water was not taken into consideration. Furthermore, in order to understand the effect of the temperature and other feed parameters as coal and air flow rates on the carbon dioxide and oxygen concentration of the flue gas, sensitivity analysis was performed. As seen from figure 3, the concentration of CO2 increases with the increase of coal feed rate. However, because of the stoichiometry, it reaches the maximum value and levels off. The analysis of the reactor temperature influence on the flue gas composition is depicted in the figure 5. 
Conclusion
A novel three-staged combustion model was developed in Aspen Plus to simulate the behavior of a circulating fluidized bed. Simulation predictions were in good agreement with experimental results of our own pilot plant. The process model is robust in convergence and is able to simulate the influence of reactor operation conditions (temperature, flow rates of coal and air) on the flue gas composition and thermal efficiency. Moreover, this model offers a flexible technique for various carbonaceous fuels e.g. biomass, coal, and MSW. This is because of a novel sequential approach taken while creating this phenomenological model.
